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ABSTRACT

Over 1600 masonry arch bridges serve as part of the U.S. transportation infrastructure
system. The preservation of these bridges is important due not only to their role in transportation
network, but also to their cultural, architectural, and historic value to the nation. For successful
preservation, the stewards of these historic bridges must be equipped with tools to make riskaware decisions, considering both the susceptibility of the region to an extreme seismic event and
the vulnerability of the bridge to undergo structural damage. To aid the stewards of these bridges,
this master’s thesis develops Infrastructure Risk Indices (i.e. the probability of failure for local
seismic hazard) for the masonry arch bridge inventory of the nation through non-linear finite
element modeling coupled with fragility analysis under site-appropriate seismic excitation. The
risk indices presented herein can aid the development of retrofitting strategies to help minimize
risk and in turn, minimize financial loss, as well as loss of cultural heritage of the structures.
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CHAPTER ONE
INTRODUCTION

1.1 Motivation and Background
The United States (U.S.) has more than 1600 masonry arch bridges in its transportation
network, nearly half of them over 100 years old (Citto & Woodham, 2015). Over the course of
their lifetime, these bridges have deteriorated due to accumulated aging (e.g. weathering, freezethaw cycles, and biodegradation), which consequently degraded their load carrying capacity
(Chajes, 2002). Compounding this situation is the fact that at the turn of the 20 th century, when
the masonry arch was a wide-spread construction technique, bridge design criteria primarily
focused on static, gravitational loads and neglected dynamic, seismic effects (Santis, 2011;
Pellegrino et al., 2014; Porto et al., 2016). These factors pose an issue because 90% of the U.S.
masonry arch bridge inventory is in the central and northeastern regions of the country, areas with
considerable seismic activity (FHWA, 2012). Additionally, increases in average traffic loads over
the last century have caused these bridges to experience gravitational loads far beyond those
envisioned by their builders (Loo & Yang, 1991; NG, 1999; Wu, 2010; Sarhosis et al., 2016).
Despite these issues, many masonry arch bridges remain in service due to their high replacement
costs and/or historic designation, and continue to play an integral role in the transport network
across the country (Citto & Woodham, 2015). Earthquake damage to these bridges could
significantly hinder the transportation network causing traffic disruptions within the region
(Basoz and Kiremidjian, 1997).
Under seismic excitation, masonry arch bridges may form a variety of collapse mechanisms,
such as the in-plane four-hinge mechanism and the out-of-plane collapse mechanism involving
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rotation of the spandrel wall (Dejong, 2009; Santis, 2011; Scheibmeir, 2012; Zampieri et al.,
2016). Although documentation of such seismic damage to masonry arch bridges is limited in the
U.S., reports that document damage mechanisms after earthquakes have been published in other
countries. In Italy for instance, the 1997 Umbria and Marche earthquake damaged several
masonry arch bridges due to the collapse of spandrel wall (Bhatti, 2009). In western regions of
India, the Bhuj earthquake in 2001 caused rotation of the spandrel walls and collapse of the
backfill material in several short span masonry arch bridges (Ghosh, 2001; Rota, 2004). In 2008,
the Wenchuan earthquake in the Sichuan province of China damaged several masonry arch
bridges in the region, including the complete collapse of Yingchuan Bridge due to the failure of
the arch support system (Kawashima et al., 2008). Similarly, an earthquake in Kumamoto Japan
resulted in the collapse of spandrel walls of several arch bridges in 2016 (Iwaki et al., 2016). As a
result, these events have invoked interest among researchers to conduct seismic assessment of
masonry arch bridges (Zampieri et al., 2015; Tecchio et al., 2016).
The main objective of this master’s thesis is to investigate the seismic behavior of masonry
arch bridges in the U.S. to improve risk based decision making regarding their restoration and
rehabilitation. This thesis focuses on single-span arch bridges as they form the largest group of
the masonry arch bridge inventory in the U.S. (i.e. 44%). To this end, seismic fragility analysis
was conducted on a set of representative single-span masonry arch bridge types. Fragility
analysis, which measures the probability of reaching or exceeding a given level of damage when
subjected to a spectrum of ground motion intensities (King et al., 1997; Calvi et al., 2006;
Nielson, 2006), has been conducted on these representative bridge types. The results of the
seismic fragility analysis, together with the local seismic hazard associated with the
representative bridge types, allow the calculation of Infrastructure Risk Indices.
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1.2 Background Perspectives on Fragility Analysis
The extent of structural damage due to earthquakes can be measured using fragility curves
(King et al., 1997; Lallemant et al., 2015), which represent the cumulative probability of damage
to a structure for a range of hazard intensity measures (Mander & Basoz, 1999; Nielson &
DesRoches, 2003; Porter, 2015; Nilsson, 2008; Padgett & DeRoches, 2008; Ramanathan et al.,
2010; Lallemant et al., 2015; Tecchio et al., 2016). These curves yield a final probabilistic
damage estimate for given seismic event (Seo, 2009). The conditional probability of exceeding a
damage state for a given intensity measure is given by
𝐹𝑟𝑎𝑔𝑖𝑙𝑖𝑡𝑦 = 𝑃[𝑑|𝐼𝑀 = 𝑦]

(1)

where 𝑑 is the damage limit state for a given system, 𝐼𝑀 is the ground motion intensity measure
or peak ground acceleration, and 𝑦 is a specific ground motion intensity measure as shown in
Figure 1.

Figure 1 : A representative fragility curve for a specified limit state.
Depending on the source of the data used for generating the relationships, fragility curves can
be classified as, i) empirical (based on post-earthquake damage data) (Lang, 2002), ii) expertopinion based (Lallemant et al., 2015), or iii) analytical (based on structural model simulations).
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i)

Empirical Fragility Curves
Empirical fragility curves are developed based on statistical analysis of data available from

past earthquakes. Empirical fragility curves were first generated using the post seismic damage
data of the 1989 Loma Prieto earthquake and the 1994 Northridge earthquakes (Shinozuka et al.,
2000). The seismic vulnerability assessment for calculating empirical fragility curves is based on
two approaches, a) the damage probability matrices method, and b) the vulnerability index
method (Calvi et al., 2006).
The damage probability matrix method was first formulated by Whitman et al. (1975) after
the 1971 San Fernando earthquake by compiling site survey data from approximately 1600
buildings of varying types. This survey data was then used to generate damage matrices
containing information about the number of structures at a particular site location that had
sustained a given level of damage (i.e. none, minor, moderate and so on) for a given intensity
measure. These damage matrices were further used for generating fragility curves.
Similarly, the vulnerability index method is based on survey data that assesses the damage
caused by multiple earthquakes. The structural components that have the most impact on the
vulnerability of building structures are first defined and each component is assigned a damage
coefficient (𝐾𝑖 ) based on its condition (e.g. from A, optimal to D, unfavorable) and weighted
(W) based on its importance. The global vulnerability index is then calculated using the Equation
2, where n represents the number of components. The index that results from Equation 2 ranges
from 0 – 100, 0 representing the least vulnerable and 100, the most.
𝑛

𝐼𝑣 = ∑ 𝐾𝑖 𝑊𝑖
𝑖=1

Even though this method is relatively straight forward, it has certain drawbacks. The first
limitation is that the post-earthquake damage survey data is subjective and may have large
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(2)

variation due to the discrepancy in the damage levels inspectors assign. Also it is difficult to get
adequate damage data for particular class of bridge, this causes difficulty in getting accurate
results.
ii) Expert Based Fragility Curves
A second early attempt to quantify seismic vulnerability resulted from a project conducted by
the Applied Technological Council (ATC) and funded by FEMA (ATC, 13). Due to the scarcity
of site observation data, the ATC developed a set of questions based on the infrastructure in the
state of California. They then asked a panel of 42 experts to predict the amount of damage
structural systems might experience when subjected to a given earthquake ground intensity. The
results from this survey were analyzed to generate damage probability matrices, which were
subsequently used to generate fragility curves. The limitation of this method is that the damage
functions generated were subjective as they were based on the judgement of the experts and
dependent on the number of experts queried.
iii) Analytical Fragility Curves
Another approach to generate fragility curves involves the use of numerical simulations
(Lang, 2002; Nielson, 2006). Analytical fragility curves are generated using two features: the
structural capacity (C) and the seismic demand (D). Given the capacity and demand, the
probability of failure 𝑃𝑓 can be determined by Equation 3.
𝐷
𝑃𝑓 = 𝑃[ ≥ 1]
𝐶

(3)

When both structural capacity and seismic demand follow a lognormal distribution, using the
central limit theorem, Equation 3 can be represented in the form of Equation 4 (Melchers, 1987),

𝑃[𝐶 − 𝐷 ≤ 0.0|𝐼𝑀] = ø

ln(𝑆𝑑 /𝑆𝑐 )
2
√ 2
[ 𝛽𝑐 + 𝛽𝑑 ]
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(4)

where 𝑆𝑑 and 𝑆𝑐 represent the median structural demand and capacity of the bridges, respectively;
𝛽𝑐 and 𝛽𝑑 represent the logarithmic standard deviation for structural capacity and demand,
respectively; and ø[ ] represents the normal distribution function. The lognormal distribution
function has been found to be a good representation of structural/non-structural damage for
probability function shown in Equation 4 (Porter et al., 2015).
There are three distinct methodologies adopted to model the structural capacity and seismic
demand: a) elastic response spectrum, b) capacity spectrum method, and c) nonlinear time history
analysis. These methodologies are overviewed below.
a) Elastic Response Spectrum
Generating fragility curves by evaluating the elastic spectral response is one of the oldest and
simplest procedures available (Nielson, 2006). Jernigan and Hwang (2002) used this method to
generate fragility curves for seismic assessment of bridges in central and eastern U.S. by
generating Capacity/Demand (C/D) ratios for various bridge components. The capacities of the
bridge components were calculated based on those found in the Federal Highway Administration
(FHWA) Seismic Retrofitting Manual for Highway Bridges. The seismic demand was calculated
by first creating 50 different bridges through statistical sampling techniques and next, conducting
elastic response spectra analysis using the numerical models of these 50 bridges. The obtained
C/D ratios were then used to generate a damage frequency matrix by comparing a specific
damage state over varying levels of ground acceleration. Given this damage frequency matrix,
fragility curves were obtained using the methodology described earlier for generating empirical
fragility curves.
b) Capacity Spectrum Method
The capacity spectrum method, also referred to as the non-linear static analysis, has been
widely used for generating seismic fragility curves for highway bridges (Shinozuka et al., 2000;
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Lang, 2002; Zampieri et al., 2014; Pela et al., 2013; Zampieri et al., 2015; Tecchio et al., 2016).
In this method, a static pushover curve is generated by incrementally loading the bridge with a
pattern corresponding to the first mode of vibration until the bridge collapses. The result is a force
vs. displacement curve, which can then be converted to a capacity spectrum, representing the
spectral displacement vs. spectral acceleration.
The demand is calculated by converting the traditional acceleration vs. time to acceleration
vs. displacement using the following equation:
𝑇
𝑆𝐷 = 𝑆𝐴 𝑔 ( ) 2
2𝜋

(5)

where 𝑆𝐴 and 𝑆𝐷 represent acceleration and displacement, respectively; and T is time. Seismic
fragility curves can be generated from these two spectra’s by evaluating them at various limit
states. The probability of failure is considered as the point on intersection of demand and capacity
distributions for various levels of chosen intensity measure as shown in Figure 2.

Figure 2 : Probabilistic capacity and demand curves.
c) Non-Linear Time History Analysis
Although computationally expensive, non-linear time history analysis is one of the most
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accurate analytical methods used for generating fragility curves (Shinozuka et al., 2000). This
method uses a combination of seismic ground motions records and detailed numerical models of
the structure of interest. The method utilizes the non-linear material properties of the structure,
making it one of the accurate and computationally expensive methods available (Nielson, 2006,
Seo, 2009; Betti et al., 2015).

1.3 Overview of the Research Campaign
This master’s thesis conducts the fragility analysis through the following steps: a) obtaining a
suite of ground motions representative of the target, b) analyzing the National Bridge Inventory
(NBI) database to obtain geometric data for the bridges and implementing clustering techniques
to develop representative bridges, c) generating N distinct masonry arch bridge models by
sampling the material property values, d) randomly pairing each ground motion record with a
bridge model and conducting nonlinear time history analysis for each earthquake-bridge sample,
e) generating a probabilistic seismic demand model using the peak response for key components
from the nonlinear time history analysis, f) determining the limit state for each bridge component,
g) integrating the bridge demand and capacity models to generate fragility curves. The general
process of fragility analysis implemented in this study is shown in Figure 3.
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Figure 3 : Methodology adopted to generate fragility curves.
The following chapters explain each step of the process shown in Figure 3 in more detail.
Chapter 2 discusses the analysis of the National Bridge Inventory (NBI) database to obtain the
data regarding geometric properties of single-span masonry arch bridges. A discussion on the
clustering technique for grouping the geometric data from the bridge inventory to obtain 20
representative bridge archetypes is also presented in this chapter. Chapter 3 presents the
development of Finite Element (FE) models of the single span bridge archetypes and provides the
distributions of material parameters used in the fragility analysis. Chapter 4 discusses the seismic
hazard associated with bridges, selection of ground motions, and selection of the limit states to
generate fragility curves. Chapter 5 presents the generation of probabilistic seismic demand
models. Probabilistic seismic demand equations, calculated fragility curves and risk indices are
also presented in this section. Chapter 6 summarizes the methodology and the main contributions
of the thesis, and provides recommendations for future work.
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CHAPTER TWO
ANALYSIS OF THE NATIONAL BRIDGE INVENTORY (NBI) AND
ARCHETYPE DEVELOPMENT

2.1 Single-Span Masonry Arch Bridge Inventory
A single-span masonry arch bridge, as pictured in Figure 4, consists of four major
components: the backfill, an arch vault, abutments, and spandrel walls. The backfill, which
typically consists of dry stone, coarse aggregate, sand or ballast (Bhatti, 2009), acts as a medium
for distributing the vertical loads from the road pavement to the arch vault. The arch vault
distributes these vertical loads partially to the abutments in the form of horizontal and vertical
thrusts, and the remainder of the load directly to the ground. The rise to span ratio of this arch
vault defines its geometric shape as well as the ratio between the horizontal and vertical thrusts
(Bhatti, 2009; Zampieri et al., 2014). The abutments, massive blocks made of stone, transfer the
loads to the surrounding ground. The function of spandrel walls is to constrain the backfill
(Fanning et al., 2001; Rota et al., 2005). Each of these components thus directly contributes to the
stiffness and strength of the arch bridge system.

Figure 4 : Components of a single-span masonry arch bridge.
To obtain the data regarding the geometric properties and geographic locations of masonry
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arch bridges in the U.S., this thesis utilized the National Bridge Inventory (NBI), a database
maintained by the Federal Highway Administration for over 600,000 qualifying highway bridges
in the U.S. (FHWA, 2012). The bridge geometric parameters of interest herein include the
number of spans (𝑛𝑠 ), the rise of the arch (𝑟𝑎 ), the span length (𝑙), the deck width (𝑤), the
abutment height (ℎ), the thickness of arch ring (𝑡𝑎 ), the total length (𝐿), and the height of the
backfill above the arch (𝐻) of the bridge. The non-geometric parameters of interest include the
construction year and geographic location.
The NBI contains information about the number of spans, span length, width, construction
year, and geographic location for 744 single-span masonry arch bridges. The missing information
regarding the arch rise, abutment height, thickness of the arch, total length and height of the
backfill above the arch were derived through geometric similarity using the photographic
evidence available for 326 bridges. The thickness of the arch ring was only observable in the
photographs for 150 of these 326 bridges. Based on these 150 values, a regression model was
constructed to predict arch thickness for a given arch span (𝑡𝑎 = 0.0405 ∗ 𝑙 + 0.296 is obtained
with the 𝑅 2 value of 0.37). Using the span length, the values of 𝑡𝑎 are assigned to the remaining
176 bridges accordingly using the regression equation.

2.2 Clustering to Obtain Representative Bridge Archetypes
The distribution of the obtained geometric properties and construction year for the 326 singlespan masonry arch bridges is shown in Figure 5. These single-span masonry arch bridges are
clustered into 20 representative bridge archetypes based on their geometric parameters using kmeans clustering technique (Hartigan and Wong, 1979). Herein, the purpose of clustering is to
reduce the number of bridge models needed for evaluation, thus reducing the number of
simulation runs as well as the corresponding computational effort.
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a)

b)

c)

d)

e)

f)

Figure 5 : Distribution of characteristics of single-span masonry arch bridges in the U.S.
a) span, b) width, c) rise, d) height of backfill above arch, e) total length, f) construction year
where 𝑁𝐵 means number of bridges.
The method of k-means clustering involves placing a given number of clusters in the
parameter space and calculating the distance between the centroid of each cluster and each data
point within the said cluster. The process is repeated in an iterative manner, where the position of
clusters are adjusted such that the summation of squared error given by Equation 6 is at a
minimum:
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𝐾

𝑛𝑖

∑ ∑ ‖𝑥𝑖 − 𝜇𝑖 ‖2
𝑖=1 𝑥𝑖 ∈ 𝑐𝑖

where 𝑥𝑖 represents the location of the data points corresponding to centroid 𝑐𝑖 ; 𝜇𝑖 is the mean of
all data points belonging to the cluster with centroid 𝑐𝑖 ; 𝑛𝑖 represents the total data points
corresponding to 𝑐𝑖 ; and 𝐾 represents number of clusters.
To select the optimal number of clusters, a widely used approach is the elbow method
(Kodinariya and Makwana, 2013). According to the elbow method, the optimal number of
clusters is one at which adding another cluster makes an insignificant difference in the variance of
the geometric dataset (Bholowalia and Kumar, 2014). Here, variance is the ratio of the variance
2
between the clusters i.e. ∑𝐾
𝑖=1 𝐾 ∗ ( 𝑐𝑖 − 𝑥𝑀 ) to the total variance of the geometric dataset

i.e. ∑( 𝑥 − 𝑥𝑀 )2 , where 𝑐𝑖 represents the centroid of a cluster and 𝑥𝑀 represents the mean of the
geometric dataset; i.e.

∑𝑥
𝑁

, where 𝑥 represents the geometric data points and 𝑁 is the total number

of data points. In this method, the number of clusters 𝐾 is gradually increased and the variance is
calculated until the graph converges to a plateau.
For the bridge geometric dataset used here, the variance is plotted against the number of
clusters as shown in Figure 6. It is observed that with 20 clusters (i.e. with 90 % variance), the
graph starts to plateau and an addition of any more clusters makes an insignificant difference to
the variance level.
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(6)

Figure 6 : The elbow approach to determine optimal number of clusters for 326 bridge models.
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CHAPTER THREE
NUMERICAL MODEL DEVELOPMENT

This section discusses the development of FE models for the bridge archetypes including; a)
geometry; b) element type; c) support conditions; d) material properties; e) mesh refinement.

3.1 Development of Geometric Representation
Using the average parameters of these clusters (i.e. average location of the data points
belonging to each cluster), 20 bridge archetypes shown in Table 1 are generated to represent the
326 bridges. These representative single-span masonry bridge archetypes are modeled using
ANSYS v.17. A macro modelling approach is adopted, where the masonry is modelled as a single
continuum without any mortar joints (Lourenco et al., 2002) (Figure 7). The masonry assembly of
the arch, abutment, and spandrel wall are modeled as a homogenous solid with a smeared failure
analogy to approximate the cracking and crushing behavior of the material (ANSYS, 2010).
Table 1 : Geometric properties of 20 representative bridge types obtained using the k-means
clustering technique.

Archetype

Span
(m)

Total
Length
(m)

Rise
(m)

Width
(m)

Backfill
(m)

Arch
Thickness
(m)

Abutment
Height (m)

1

11.41

19.45

4.19

5.93

1.66

0.72

0.82

2

15.86

30.92

4.40

13.93

1.65

0.85

1.03

3

8.70

17.04

3.27

59.87

1.63

0.63

1.23

4

17.97

24.97

4.03

30.00

1.93

0.97

0.77

15

5

13.40

34.74

5.81

24.37

4.01

0.70

3.33

6

7.48

15.30

2.66

18.82

1.57

0.61

0.34

7

9.39

36.27

4.10

10.43

2.46

0.67

2.66

8

67.00

137.10

18.83

5.30

8.05

2.50

1.20

9

12.49

19.09

3.00

38.78

1.59

0.75

2.32

10

8.51

16.07

2.96

13.06

1.88

0.63

0.68

11

9.44

17.36

3.48

27.25

1.64

0.68

1.27

12

8.36

23.78

3.21

7.97

1.49

0.58

0.65

13

12.20

92.20

5.80

9.40

4.50

1.50

1.00

14

8.10

14.10

3.56

21.06

3.02

0.61

3.06

15

13.37
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Figure 7 : Element types and support conditions of the finite element model of singlespan masonry arch bridges.

3.2 Selection of Element Type and Material Model
An 8-noded isoparametric hexahedron element with three translational degrees of freedom at
each node (SOLID65 in ANSYS v.17) is used for defining the two material models for masonry
assembly and the soil backfill. Although initially developed for analyzing concrete structures
(ANSYS, 2010), SOLID65 has been successfully used to conduct static as well as non-linear
seismic analysis of masonry structures (Fanning & Boothby, 2001; Andreas et al., 2002;
Taghikhany et al., 2008; Sevim et al., 2011; Li, 2012; Musmar et al., 2013; Zhang, 2015; Betti et
al., 2015). This element is capable of cracking in tension using a smeared crack analogy and is
capable of crushing in compression through a plasticity algorithm according to the Willam
Warnke yield criteria (Willam and Warnke, 1975). The element cracks or crushes at the
integration points as soon as the principal stresses lie outside the failure surface. Cracked or
crushed regions are formed perpendicular to the relevant principal stress direction with stresses
redistributed locally. SOLID65 also allows for the transfer of loads across crack by the
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interlocking effect through the shear transfer coefficient for open and closed cracks.
To account for the plasticity of masonry assembly prior to cracking/crushing, Drucker-Prager
material model is adopted (Fanning & Boothby, 2001; Drucker & Prager, 1952). Drucker-Prager
material model is a pressure dependent model which introduces the elastic, perfectly plastic
behavior of masonry as soon as the stresses reach the elastic limit state. This model has been
widely used for modeling soil and defining the plastic nature of masonry in the past (Fanning &
Boothby, 2001; Wang & Melbourne, 2007; Sevim et al., 2011; Betti and Galano, 2012). The
material values used for defining these material models is explained in the Section 3.4.

3.3 Definition of Support Conditions
As the arch abutment and the spandrel wall are usually embedded inside the ground, they are
considered to be fixed supported (NG, 1999; Fanning & Boothby, 2001; Wang & Melbourne,
2007). At the two ends along the span direction, the backfill is assumed to be horizontally
restrained to represent the effect of wing-walls as shown in Figure 7. In addition, the surface
interaction at the interface between backfill soil and the masonry assembly of both the spandrel
wall and the arch vault is important to capture the relative movement of the components. This
interface is modeled using 8-noded CONTACT175 and TARGET170 element type that prevents
penetration at the interface while allowing sliding. This element type has three translational
degrees of freedom at each node and is located over the surface of SOLID65 element type. The
sliding behavior of the masonry and soil is a combination of interlocking governed by stiffness,
friction, and cohesion. The force transfer between the interfaces, which governs the sliding
behavior, is idealized by a friction coefficient, further explained in Section 3.4.
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3.4 Determination of Material Model Properties for the Masonry Assembly
For the masonry assembly, the material properties, modulus of elasticity, compressive
strength and similarly for the soil, cohesion, modulus of elasticity, and density are defined. Due to
lack of information regarding the bridge construction material in the NBI, the distributions of
material property values are obtained from the pertinent literature. For the modulus of elasticity
of masonry assembly, a uniform distribution, with values ranging from 1 – 15 𝐺𝑃𝑎, is accepted
(Fanning & Boothby, 2001). Using the recommendation of the American Society for Testing and
Materials (ASTM), the distribution for density of stone is defined by a mean of 2360 𝑘𝑔/𝑚3 and
standard deviation of 139 𝑘𝑔/𝑚3; the compressive strength of masonry is assumed to be a
uniform distribution, with values ranging from 5 𝑀𝑃𝑎 to 10 𝑀𝑃𝑎 (Fanning & Boothby, 2001).
The friction coefficient of the contact surface between soil and masonry is defined as a uniform
distribution with values ranging from 0.3 – 0.9 (Wang & Melbourne, 2007), with a contact
stiffness factor of 0.1 (Fanning & Boothby, 2001; Wang & Melbourne, 2007). The shear transfer
coefficient of open crack for masonry is assigned to have an mean of 0.4 and standard deviation
of 0.05, while the shear transfer for closed crack is assigned to have a mean of 0.95 and a
standard deviation of 0.025 (Wang, 2004).
The Drucker-Prager model is defined using the two parameters of soil, cohesion (c), and
internal friction angle (∅).The cohesion of soil is accepted to have uniform distribution with
values ranging from 10−3 𝑀𝑃𝑎 𝑡𝑜 0.1 𝑀𝑃𝑎. The internal friction angle of soil is assigned to have
a mean value of 35.2 degrees and a standard deviation of 0.5 degrees. These assignments are
based on the recommendations of the FHWA report on geotechnical tests conducted on a range of
soils in the U.S. The modulus of elasticity of soil is defined as a uniform distribution, with values
ranging from 2 𝑀𝑃𝑎 to 200 𝑀𝑃𝑎. The density of the soil is defined with a mean value of
1800 𝑘𝑔/𝑚3 and standard deviation of 50 𝑘𝑔/𝑚3 (Oliveira et al., 2010; Pela et al., 2009).
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Similarly, the plasticity character of masonry is defined using cohesion given as, 𝑐 = 0.1065 ∗
𝑓𝑐′ + 0.531, and internal friction angle given as, 𝜑𝑜 = 0.145 ∗ 𝑓𝑐′ + 49.71, where 𝑓𝑐′ represents
the compressive strength of masonry in 𝑀𝑃𝑎 (Sarhosis et al., 2016).

3.5 Mesh Refinement
In the FE analysis, the solid model is discretized to obtain the distributions of response
quantities (stress, deformations, etc.) as well as the crack formation throughout the body of the
given structure (Gerstle, 1990). Using a too coarse discretization can keep the computation time
manageable, but degrade the solution accuracy. In comparison, a too fine discretization can
improve accuracy, but lead to extensive computational time. To find an optimum trade-off
between solution accuracy and computational time, a mesh convergence study is conducted on all
bridge archetypes, where the level of discretization is varied from coarse to fine while monitoring
the solution accuracy for a particular response quantity (Hughes et al., 2005). The response
quantities chosen for mesh refinement are the first three natural frequencies of the bridge, which
are monitored with decreasing element edge length, thus increasing the number of elements. For
example, for the bridge type – 20 shown in Figure 8, it is observed that increasing the number of
elements beyond 39,500, i.e. lowering the element size beyond 0.25 m, is observed to yield only
5% change in natural frequency predictions, which is assumed appropriate in this study. Thus,
element size of 0.25 m is implemented for further numerical analysis.
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Figure 8 : Mesh refinement study to select optimal number of finite elements
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CHAPTER FOUR
SEISMIC HAZARD, SELECTION OF GROUND MOTION RECORDS AND
COLLAPSE MECHANISM

To characterize the seismic hazard for different regions of the U.S., the United States
Geological Survey (USGS) has provided National Seismic Hazard Models (NSHM), which are
widely used for seismic risk assessment of bridges, highways, buildings and other structures. One
of the products of the NSHM is the probability seismic hazard maps. Figure 9 and Figure 10 show
the seismic hazard maps in terms of peak ground acceleration (PGA) with 2% and 10%
probability of exceedance in 50 years for the central and eastern regions of the U.S., the regions
where majority of the masonry arch bridges are located.

Figure 9 : Peak ground acceleration with 2% probability of exceedance in 50 years in
central and eastern U.S. (USGS, 2016).
As seen in the above map, the New Madrid Seismic Zone (NMSZ) is considered to be one of
the most active seismic regions in the central and eastern U.S. (NEHRP, 2005; USGS, 2016).
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According to the USGS, (2004), in this region, the 50-year rate of occurrence is 7-10% for an Mw
7.0 earthquake and 28-46% for an Mw 6.0 earthquake.

Figure 10 : Peak ground acceleration with 10% probability of exceedance in 50 years in
central and eastern U.S. (USGS, 2016).
Furthermore, research indicates that earthquakes in the central and eastern U.S. have high
attenuation distances, i.e. these earthquakes can be felt at large distances from its point of origin.
For example, a 5.0 magnitude earthquake in 1976 in Arkansas, located on the southern tip of the
NMSZ, was felt over 174,000 square miles. These large attenuation distances are primarily due to
the geological composition of the region, which consists of hard intact rock with an overlay of
soft soil sediments. Research has found that an overlay of soft soil sediments plays a major role in
the amplification of ground motions, a result supporting the high attenuation distances (USGS,
2002; Park & Hashash, 2005). The comparison of attenuation distances for several earthquakes in
the eastern and western U.S. is seen in Figure 11, which further emphasizes that the earthquakes
in central and eastern U.S. have far more reaching effects than those in the west.
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Figure 11 : Comparison of attenuation distance of earthquakes in eastern and western
U.S. (USGS, 2002).

4.1 Selection of Ground Motions
To assess the vulnerability of civil infrastructures due to seismic activities, it is important to
have ground motion records representative of the particular region of interest. In addition, this
inventory must be large enough to provide an accurate characterization of the potential responses
(stress, strain, deformation) of components of the infrastructure inventory under the given
earthquake (Santis, 2011). Several databases of past earthquake ground motion records and their
corresponding time-acceleration records for the NMSZ are maintained by the Pacific Earthquake
Engineering Research Center (PEER). Although scale factors can be applied to these ground
motion to obtain the desired earthquake scenario, according to a study conducted by Luco and
Bazzurro (2007), the scaled ground motions, depending upon the scale factor, may fail to
represent the true characteristics of the target earthquake scenario.
To overcome the problems associated with scaling of ground motions, synthetic ground
motions are often used for seismic analysis (Boore, 2003; Mavroeidis and Papageorgiou, 2004;
Sanaz and Kiureghian, 2010). These synthetic ground motions are developed to reproduce
characteristics of earthquakes in the region of interest, and have been used in earthquake
engineering for conducting probabilistic, non-linear analysis of structures (Rezaeian and
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Kiureghian, 2010). Wen & Wu (2001) generated synthetic ground motions for cities in NMSZ
including Memphis, Tennessee; St. Louis, Missouri; and Carbondale, Illinois. These synthetic
ground motion records were developed based on the latest seismicity information from the
NMSZ, and on the stochastic ground motion models and simulation methods. To accurately
capture the soil profile characteristics and their effects, both a point source model (Boore, 1996)
and a finite-fault model were used (Atkinson and Boore, 1998). In their study, Wen & Wu (2001)
developed a suite of 60 total synthetic ground motion records for the three cities mentioned above
with 2% and 10% probability of exceedance in 50 years. Sample time–acceleration records and
their corresponding predominant period and PGA values are shown in Table 2.
Table 2 : Sample time - acceleration records and their corresponding PGA and
predominant period for Wen & Wu ground motions.

Although these synthetic ground motions have been developed for the NMSZ, due to
unavailability of specific synthetic ground motions for northeastern regions of the U.S., these
ground motions have been previously adopted for vulnerability assessment of bridges located in
the northeastern region of U.S. (Seo, 2009). The PGA values of the Wen & Wu (2001) ground
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motions ranged from 0.06g to 0.66g are shown Figure 12.

Figure 12 : The distribution of the PGA for the Wen & Wu (2001) ground motions.
The results obtained from seismic analysis largely depend upon the type of intensity measure
(IM) selected, i.e. PGA or Spectral Acceleration 𝑆𝑎 . To derive accurate results, the selected IM
should be practical, meaning that the IM values should have a strong correlation with the
response of the structure and they should be applicable to all sets of bridges. PGA has been
widely used for vulnerability assessment of structures in the past (Kim & Shinozuka, 2004; Field,
2005). Padgett et al. (2008) suggested PGA as an optimal IM for probabilistic seismic demand
models due to its efficiency, practicality, sufficiency, and hazard computability. Furthermore,
generally, using PGA as IM is observed to have strong correlation with responses for short
structures (USGS, 2002).
The response of any structure subjected to a seismic loading also depends on the angle of
incidence of the earthquake (Nielson, 2006). To account for this uncertainty, the seismic ground
motions are applied at random angle 𝜃 ranging from 0 -

𝜋
2

radians as shown in Figure 13. This

representation for angle of incidence is appropriate due to symmetry of bridge in longitudinal and
transverse direction.
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Figure 13 : Seismic ground motion at angle of incident.

4.2 Selection of Collapse Mechanism
According to Santis, (2011), damage to the components of single-span masonry arch bridges,
caused by seismic events, is classified according to the type of mechanism or the severity of the
damage. Two collapse mechanisms, namely rotation of spandrel wall and relative displacement of
arch crown and abutment, are selected based on their high susceptibility to seismic loads and their
influence on the structural functionality of the bridge after damage (Zampieri et al., 2016;
Tecchio et al., 2016; Sarhosis, et al., 2016). The 20 representative masonry arch bridges are
analyzed for these two different collapse mechanisms.
The first collapse mechanism occurs in the longitudinal direction at the arch-vault. When
subjected to such horizontal seismic loads, the arch-vault fails due to the formation of a fourhinge mechanism as shown in Figure 14. The second collapse mechanism of interest is the
rotation of the spandrel walls in the transverse direction as shown in Figure 15 (Tecchio et al.,
2012; Zampieri et al., 2014). Accordingly, in the longitudinal direction, the relative movement of
the abutment and the crown (top of the arch vault) is analyzed to capture the displacement of the
arch-vault. In the transverse direction, the relative movement of the peak of the spandrel wall
with respect to its base is observed to capture the rotation of spandrel wall.
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Figure 14 : Formation of a four-hinge mechanism at the arch vault when subjected to
longitudinal seismic loads.

Figure 15 : Rotation of spandrel wall when subjected to transverse seismic loads.
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CHAPTER FIVE
PROBABILISTIC SEISMIC DEMAND MODELS AND FRAGILITY CURVES

5.1 Probabilistic Seismic Demand Model
Quantifying the seismic demand of a bridge, an essential aspect of a probabilistic seismic risk
assessment can be best illustrated using the overall seismic loss equation derived by Ellingwood
and Wen (2005) shown below:
𝑃 [𝐿𝑜𝑠𝑠] = ∑ ∑ ∑ 𝑃[𝐿𝑜𝑠𝑠|𝐷 = 𝑑] ∙ 𝑃[𝐷 = 𝑑|𝐿𝑆] ∙ 𝑃[𝐿𝑆|𝐼𝑀 = 𝑠] ∙ 𝑃[𝐼𝑀 = 𝑠]
𝑠

𝐿𝑆

(7)

𝑑

where 𝐼𝑀 is the intensity measure representing seismic hazard (e.g. peak ground acceleration,
spectral acceleration), 𝑠 is the intensity measure, 𝐿𝑆 is the engineering demand parameter (EDP)
measuring the structural response, 𝐷 is the damage state and 𝑑 is the measure for the damage
state D. The damage states are often given in terms of qualitative indicators such as, slight,
moderate, extensive, and complete, depending on the functionality level. Finally, the 𝐿𝑜𝑠𝑠
measures the response of structure when subjected to a seismic hazard. As seen in Equation 7,
𝑃[𝐿𝑆|𝐼𝑀 = 𝑠] represents the probability of meeting or exceeding a given hazard level when
subjected to a specific 𝐼𝑀 value of 𝑠. This probability, which typically follows a two-parameter
lognormal probability distribution, is the quantification of the seismic demand (Cornell et al.,
2002).
The methodology for quantifying seismic demand using the PSDM, developed by Cornell et
al. (2002), is based on regression analysis; a method that has been applied by many researchers to
generate a probabilistic seismic demand model (PSDM) for bridges (Hwang et al., 2000; Mackie
and Stojadinovic, 2001; Choi et al., 2002; Bignell et al., 2004; Nielson, 2006). Based on this
methodology, the estimate of median demand can be represented by the power model shown in
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Equation 8 and illustrated in Figure 16.
̂ 𝑃 = 𝑎𝐼𝑀𝑏
𝐸𝐷

(8)

Figure 16 : Probabilistic Seismic Demand Model power model (Cornell et al., 2002).
In Equation 8, 𝐼𝑀 is the intensity measure, 𝑎 and 𝑏 are the regression coefficients, and d
represents the limit state. Using the dispersion 𝛽𝐸𝐷𝑃|𝐼𝑀 , which is conditional on the IM measure, a
power model can be formulated as given in Equation 9.
ln(𝑑) − ln(𝑎𝐼𝑀𝑏 )
𝑃[𝐸𝐷𝑃 ≥ 𝑑|𝐼𝑀] = 1 − ø ⌈
⌉
𝛽𝐸𝐷𝑃|𝐼𝑀

(9)

The process of obtaining the regression coefficients using a power model can be time consuming
and complex (Nielson, 2006). Instead, the regression coefficients can be derived in a transformed
space by taking the natural logarithm of both sides, which converts the equation to a linear form
as given in the equation below.
ln(𝐸𝐷𝑃) = ln(𝑎) + 𝑏 ∙ 𝑙𝑛(𝐼𝑀)

(10)

Figure 17 provides an example of natural regression in a transformed space. As seen in this
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figure, the variation about the median, ln(𝐸𝐷𝑃) which is given by standard deviation 𝜎, is the
estimate of lognormal standard deviation (dispersion) 𝛽𝐸𝐷𝑃|𝐼𝑀 .

Figure 17 : Illustration of probabilistic seismic demand model in transformed space
(Cornell et al., 2002).
The 20 bridge models are paired with a random sample of material properties to generate
2000 unique sets of bridge models. These bridge models are further paired with the ground
motions for conducting non-linear seismic analysis using ANSYS v.17. These PSDM equations
are calculated for each bridge archetype for two responses (i.e. the rotation of spandrel wall, and
the relative movement between the abutment and the crown) as presented in Table 3 and Table 4,
respectively.
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Table 3 : Probabilistic seismic demand model equations for the 20 representative bridge types for
the rotation of spandrel wall.
Rotation of Spandrel Wall (mm)
Bridge
𝑹𝟐

PSDM

𝝈

Archetype
Type 1

ln(EDP) = 1.6807*ln(PGA) + 6.075

0.5974

0.56518

Type 2

ln(EDP) = 1.1962*ln(PGA) + 6.3212

0.3349

0.2881

Type 3

ln(EDP) = 1.4083*ln(PGA) + 4.1396

0.4234

1.2848

Type 4

ln(EDP) = 1.6477*ln(PGA) + 5.5862

0.6082

0.7707

Type 5

ln(EDP) = 1.1181*ln(PGA) + 5.1849

0.573

0.2811

Type 6

ln(EDP) = 1.5031*ln(PGA) + 5.4136

0.5367

0.4897

Type 7

ln(EDP) = 0.9241*ln(PGA) + 6.639

0.4482

0.1834

Type 8

ln(EDP) = 1.1104*ln(PGA) + 8.1203

0.6253

0.1475

Type 9

ln(EDP) = 2.1961*ln(PGA) + 7.1978

0.6275

0.4563

Type 10

ln(EDP) = 1.1931*ln(PGA) + 5.1648

0.3786

0.3642

Type 11

ln(EDP) = 1.2367*ln(PGA) + 5.4592

0.5665

0.3268

Type 12

ln(EDP) = 1.537*ln(PGA) + 6.3619

0.6215

0.3256

Type 13

ln(EDP) = 1.0676*ln(PGA) + 7.7896

0.5005

0.1632

Type 14

ln(EDP) = 1.4862*ln(PGA) + 5.6127

0.5192

0.3746

Type 15

ln(EDP) = 1.4252*ln(PGA) + 6.1333

0.5049

0.3031

Type 16

ln(EDP) = 0.8075*ln(PGA) + 6.8491

0.3947

0.1666

Type 17

ln(EDP) = 1.3679*ln(PGA) + 5.3029

0.5937

0.3902

Type 18

ln(EDP) = 1.3439*ln(PGA) + 6.4131

0.4423

0.355
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Type 19

ln(EDP) = 0.7381*ln(PGA) + 7.2703

0.4638

0.1286

Type 20

ln(EDP) = 1.1033*ln(PGA) + 4.4087

0.3168

0.4498

Table 4 : Probabilistic seismic demand model equation for the 20 representative bridge types for
the relative displacement of the abutment and crown.
Relative Displacement of Crown and Abutment (mm)
Bridge
𝑹𝟐

PSDM

𝝈

Archetype
Type 1

ln(EDP) = 1.0999*ln(PGA) + 3.28

0.4427

1.093

Type 2

ln(EDP) = 1.0392*ln(PGA) + 3.345

0.4449

0.2881

Type 3

ln(EDP) = 1.26*ln(PGA) + 3.5814

0.39

0.5298

Type 4

ln(EDP) = 1.5193*ln(PGA) + 3.3935

0.4713

0.7707

Type 5

ln(EDP) = 1.195*ln(PGA) + 3.8848

0.5028

0.702

Type 6

ln(EDP) = 1.703*ln(PGA) + 3.6509

0.4793

1.162

Type 7

ln(EDP) = 0.885*ln(PGA) + 3.2045

0.4282

0.805

Type 8

ln(EDP) = 0.7473*ln(PGA) + 4.1997

0.3135

0.1475

Type 9

ln(EDP) = 2.1496*ln(PGA) + 4.6035

0.7508

1.314

Type 10

ln(EDP) = 1.027*ln(PGA) + 2.8807

0.2251

0.3642

Type 11

ln(EDP) = 1.4521*ln(PGA) + 3.2802

0.5665

0.3268

Type 12

ln(EDP) = 1.3209*ln(PGA) + 3.1612

0.4695

1.1314

Type 13

ln(EDP) = 0.8657*ln(PGA) + 3.7595

0.4862

0.4279

Type 14

ln(EDP) = 2.224*ln(PGA) + 4.1027

0.5517

0.875

Type 15

ln(EDP) = 1.5034*ln(PGA) + 3.7916

0.546

1.111
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Type 16

ln(EDP) = 0.7753*ln(PGA) + 3.3086

0.3665

0.5163

Type 17

ln(EDP) = 0.962*ln(PGA) + 3.806

0.406

0.5497

Type 18

ln(EDP) = 1.0827*ln(PGA) + 4.1009

0.7863

0.1972

Type 19

ln(EDP) = 1.0514*ln(PGA) + 4.1089

0.8617

0.3193

Type 20

ln(EDP) = 1.326*ln(PGA) + 4.0943

0.4751

0.7707

5.2 Fragility Curves
Using the PSDM approach, probability of failure 𝑃𝑓 , Equation 1 from Chapter 1, can be
rewritten as the probability of reaching or exceeding a limit state for a specific level of demand
(EDP), i.e. 𝑃[𝐿𝑆|𝐸𝐷𝑃 = 𝑦]. This probability of reaching or exceeding the structural capacity (C)
is represented by Equation 11.
ln(𝑑) − ln(𝑎𝐼𝑀𝑏 )
𝑃𝑓 = 1 − ø ⌈
⌉
𝜎

(11)

Equation 11 can be further simplified as shown below,
−ln(𝑑) + ln(𝑎𝐼𝑀𝑏 )
= ø⌈
⌉
𝜎

(12)

b ∗ ln(𝐼𝑀) − (ln(𝑑) − ln(𝑎))
= ø⌈
⌉
𝜎

(13)

= ø⌈

ln(𝐼𝑀) −

ln(𝑑) − ln(𝑎)
𝑏
⌉
𝜎
𝑏

(14)

Equation 14 can further be further manipulated in the form of Equation 4 as shown
below
ln(𝐼𝑀) − ln(𝜃)
= ø⌈
⌉
𝛽
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(15)

𝑃𝑓 = ø ⌈
𝑙𝑛(𝑑)−𝑙𝑛(𝑎)
),
𝑏

where 𝜃 = exp (

limit state, 𝛽 =

√𝜎 2 + 𝛽𝑐 2
𝑏

ln(𝐼𝑀/𝜃)
⌉
𝛽

(16)

represents the median value of the intensity measure for a given

represents the dispersion component for the limit state, a and b represent

the regression coefficients for the PSDM, d represents the value of the given limit state, and 𝛽 𝑐
represents the uncertainty, i.e. dispersion for the capacity limit state. Due to lack of any available
information, the dispersion is defined as 0.25 according to recommendation by Nielson, (2006).
Selection of a proper limit state is important for deriving the parameters of fragility function.
Significant attention has been paid towards damage limit states for concrete buildings and
bridges. According to HAZUS, the damage limit states for concrete bridges are defined in four
stages: slight, moderate, extensive, and complete. Each damage state carries with it a level of
functionality issues and represents an intensity of damage to the structure or to its components
(Nielson, 2006; Lagomarsino & Cattari, 2015).
The challenging task lays in defining quantitative values to the limit states for masonry
bridges, as there are no pre-defined damage limit states available for masonry arch bridges
(Santis, 2011; Zampieri et al., 2016). To address the issue of assigning limit states to the two
collapse mechanisms, a literature review is conducted. Theodossopoulous et al. (2003) studied the
behavior of arch vaults by inducing displacement to abutments. Crack formations were observed
at abutment displacement of 0.3% of arch span. With further increase in abutment displacement
to 0.5% of arch span, fractures were formed along the arch vault and any displacement beyond
0.8% lead to plastic deformation and collapse of arch. Holzer (2013) found that progressive
cracks appear at abutment movement of 0.01% of span, and that any further movement of
abutment leads to formation of plastic hinge mechanisms. A similar study conducted by Zhang
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(2015), on series of masonry arches, found that the collapse mechanism generally starts to form at
an arch displacement of 0.1% to 0.3% of arch span. For the spandrel wall collapse mechanism,
Bui et al. (2010) conducted a series of tests to study the out of plane loading behavior of masonry
walls. It was found that walls cracked at a deflection of 0.25% of wall height and underwent a
plastic deformation at about 1% of total height. The literature reviewed that the two collapse
mechanisms are highly dependent on the material and geometric characteristics of the
components of the bridge. Using this literature review, three limit states are defined as shown in
Table 5.
Table 5 : Damage limit states for relative displacement between arch crown and abutment, and
rotation of spandrel wall collapse mechanisms.
Damage Type
Relative
displacement
between arch crown
and abutment
Rotation of spandrel
wall

Limit State – 1

Limit State – 2

Limit State -3

0.1% of span

0.2 % of span

0.3% of span

0.25 % of height of
wall

0.5 % of height of
wall

1.0 % of height of wall

The PSDM equations for each bridge archetype are combined with the limit state (d) to generate
fragility curve for slight, moderate, and extensive damage states. For example, Figure 18 shows
the fragility curve for bridge archetype 4.

a)
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b)
Figure 18 : Example of fragility curve for type - 4 bridge category, representing the three
damage states for a) rotation of spandrel wall, and b) relative displacement between arch crown
and abutment.
The fragility curves generated using the PSDM approach is validated using the Maximum
Likelihood Estimation (MLE) approach. The MLE method is based on finding the parameter
values for 𝜃 and 𝛽, such that the parameter values maximize the likelihood of predicting the true
characteristics of the statistical model (Fisher, 1997). Comparison of fragility curves for the first
representative bridge type, for the first limit state, considering the rotation of spandrel wall
collapse mechanism is shown in Figure 19. The results obtained using the two approaches show
good similarity with the maximum difference at given point in probability estimate being less
than 10%. The parameters of fragility curve for two collapse mechanisms for each bridge
archetype obtained using PSDM approach are shown in Table 6 and Table 7.
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Figure 19 : Comparison of fragility curves generated for type - 1 category bridge for
rotation of spandrell wall using PSDM and MLE approach.
Table 6 : Fragility curve parameters of each damage limit state for rotation of spandrel wall.
Bridge
Archetype
1

0.3677

Damage Type - Rotation of spandrel wall (mm)
𝜃1
𝜃2
𝜃3
0.14366
0.21699
0.32776

2

0.3138

0.05601

0.09999

0.17849

3

0.9294

0.3674

0.60103

0.98322

4

0.4917

0.1869

0.2846

0.4335

5

0.3364

0.2201

0.4092

0.7606

6

0.3657

0.1379

0.2187

0.3468

7

0.3355

0.0226

0.0478

0.1013

8

0.2614

0.0306

0.0572

0.1069

9

0.2369

0.138

0.1892

0.2595

10

0.3702

0.1189

0.2126

0.3801

11

0.3327

0.1137

0.1992

0.3489

12

0.2670

0.0861

0.1352

0.2122

β
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13

0.2796

0.0155

0.0296

0.0567

14

0.3030

0.1948

0.3106

0.4952

15

0.2768

0.1072

0.1744

0.2836

16

0.3716

0.0116

0.0273

0.0645

17

0.3378

0.1295

0.215

0.3569

18

0.3230

0.0874

0.1461

0.2453

19

0.3808

0.0685

0.237

0.4481

20

0.4664

0.2025

0.3796

0.7115

Table 7 : Fragility curve parameters of each damage limit state for relative displacement between
arch crown and abutment.
Damage Type – Relative displacement between arch crown and
Bridge
β

abutment

Archetype
𝜃1

𝜃2

𝜃3

1

1.1033

0.4368

0.8613

1.2813

2

0.2717

0.5716

1.1137

1.6452

3

0.4649

0.3245

0.5625

0.9750

4

0.5332

0.5022

0.7926

1.035

5

0.60038

0.3420

0.5978

0.8287

6

0.7250

0.4002

0.6109

0.7823

7

0.9524

0.3361

0.7356

1.1631

8

0.3884

1.0514

2.6583

4.5735

9

0.6222

0.3802

0.5249

0.6338
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10

0.4301

0.4867

0.9559

1.4186

11

0.8473

0.4902

0.7901

1.2734

12

0.9156

0.4811

0.8321

1.4389

13

0.5724

0.2338

0.5207

1.1596

14

0.4091

0.4048

0.5529

0.7551

15

0.7560

0.4596

0.7283

1.1538

16

0.7398

0.6645

1.6247

3.9723

17

0.5497

0.1386

0.2850

0.5859

18

0.2940

0.3927

0.7449

1.4130

19

0.5494

0.6272

1.6043

4.1034

20

0.4664

0.0882

0.1654

0.3101

5.3 Risk Index
Risk indices are generated using ArcGIS 10.3 for each of the 326 bridges by combing the
local seismic hazard map developed by USGS, (2012), with fragility curve corresponding to its
bridge archetype. Using the location coordinates of the bridges, the PGA values corresponding to
each bridge are calculated from the seismic hazard maps shown in Figure 9 and Figure 10. These
PGA values are combined with the fragility curves corresponding to the bridge archetype to
calculate the probability of exceedance. The maximum probability out of two collapse
mechanism is selected to represent failure. The indices, as shown in Figure 20 and Figure 21,
represent the probability of failure of the single-span masonry arch bridges for 2% and 10%
probability of exceedance in next 50 years. It is important to note that these risk indices do not
take the consequence of masonry arch failure into consideration. For instance, the repair cost, the
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cost of reconstruction of the bridges, or secondary costs due to the disruption to the traffic
network are not accounted for in the aforementioned analysis.

Figure 20 : Geographical distribution of risk indices for 326 single-span masonry arch bridge for
limit state – 1 with 2% probability of exceedance in next 50 years

Figure 21 : Geographical distribution of risk indices for 326 single-span masonry arch bridge for
limit state – 1 with 10% probability of exceedance in next 50 years.

41

The indices generated give a foresight of the risks associated with the bridges. From a
preservation perspective, the stewards of historic bridges can use these Infrastructure Risk Indices
to develop retrofit strategies to minimize risk and in turn, minimize loss over time. It is observed,
the bridges closer to the NMSZ have higher probability of reaching the damage limit states than
the bridges in other areas. This difference is obvious due to the PGA values, which are higher
towards the epicenter of NMSZ. Similarly, there is a higher probability of bridges reaching their
damage limit states for 2 % probability of exceedance hazard scenario compared to the 10 %
probability of exceedance hazard scenario. It is estimated, 43.5 % of the 326 bridges have a 50 %
chance of reaching damage limit state -1 for 2 % probability of exceedance hazard scenario.
While, 11.7 % of the 326 bridges have a 50 % chance of reaching the same damage limit state for
10 % probability of exceedance hazard scenario. This is a direct result of the considerable
difference in the ground accelerations between the two hazard scenarios.
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CHAPTER SIX
CONCLUSION

This study conducted a seismic fragility analysis on a set of representative single-span
masonry arch bridges to investigate the seismic vulnerability of masonry arch bridges in the U.S.
and to improve risk-aware decisions regarding restoration and rehabilitation. The NBI inventory
was referred to gather geometric data for the subject bridges. Because of a lack of available data
for all bridge parameters, with the help of photographic evidences, a complete geometric data set
for 326 bridges was obtained. Bridges were further classified into categories using k-means
clustering technique, and 20 bridge archetypes were obtained using the elbow method. Macro
modelling techniques were adopted and a parametric FE model was generated for bridge
archetypes using ANSYS v.17. The bridges were further sampled with material properties
obtained from a literature review to generate 2,000 unique sets of bridge models. The seismic
hazard associated with a bridge, and the brief description of the NMSZ and its soil profile
characteristics, was presented. A suite of synthetic ground motions developed by Wen and Wu,
(2001), representative of the NMSZ, were discussed, and a review on selection of collapse
mechanisms, such as spandrel wall rotation and relative displacement of abutment and bridge
crown, were presented. Ground motion suites were randomly paired with bridge models to
perform non-linear time history analyses. The maximum response for the two collapse
mechanisms for each simulation was recorded, PSDM’s were developed, and, using regression
analysis, PSDM equations were presented for each bridge archetype. Three damage limit states,
defined based on engineering judgement for the two responses, were combined with the PSDM to
generate fragility curves. Risk indices were further developed by combining the fragility curves
with the local seismic hazard.
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From the results, it was observed that spandrel walls are more susceptible to damage during a
seismic event compared to the arch vault, a conclusion supported by previous studies. It can also
be derived that single-span masonry arch bridges are less likely to sustain any damage during a
seismic event, which also supports why limited damages have been reported thus far. The major
contribution of this study is the development of the PSDM equations and seismic fragility curves
for single-span masonry arch bridges in central and northeast U.S. regions. These results can help
the stewardships of bridges make risk aware decisions regarding the preservation and
rehabilitation. The scope of this research can be extended through future studies in the following
ways;


This study focused on single-span masonry arch bridges, but masonry bridges with two or
more number of spans can be more vulnerable to seismic events. Further studies should
focus on these bridges to investigate this vulnerability.



Unlike concrete bridges, there are no damage limit states available for masonry arch
bridges. There is a huge scope to develop quantitative limit states for these bridges to
accurately develop fragility functions.



To capture the response of the masonry arch bridges, micro modelling technique should
be adopted by modelling the mortar joints between masonry units. Also, the spring
supports should be defined at the bottom and two ends of the bridge by defining the
stiffness coefficients. These techniques may yield a better realization of the components
impacted when subjected to seismic events.



To further investigate risk, indices should be developed by taking into account the cost of
replacement or rehabilitation, and also the overall impact of failure of masonry arch
bridges on the transport network system of the U.S.
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Majority of the bridges are located in the northeastern regions of the country. To
accurately investigate the seismic vulnerability, synthetic grounds motions specific to
these regions, along with its soil profile characteristics, can be developed.
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